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WASHcausesactin topolymerizeonvesicles involved
in retrograde traffic and exocytosis. It is found within
a regulatory complex, but the physiological roles of
theother fourmembersareunknown.Herewepresent
geneticanalysisof thesubunits’ individual functions in
Dictyostelium.Mutants ineachsubunit arecompletely
blocked in exocytosis. All subunits except FAM21 are
required to drive actin assembly on lysosomes.
Without actin, lysosomes never recycle vacuolar-
type H+-adenosine triphosphatase (V-ATPase) or
neutralize to form postlysosomes. However, in
FAM21knockout lysosomes,WASHgeneratesexces-
sive, dynamic streams of actin. These successfully
remove V-ATPase, neutralize, and form huge postly-
sosomes. The distinction between WASH and
FAM21 phenotypes is conserved in human cells.
Thus, FAM21 and WASH act at different steps of
acyclical pathway inwhichFAM21mediates recycling
of the complex back to acidic lysosomes. Recycling is
driven by FAM21’s interaction with capping protein,
which couples the WASH complex to dynamic actin
on vesicles.
INTRODUCTION
Arp2/3 and Its Regulators
The Arp2/3 complex is a key regulator of actin polymerization
(Pollard, 2007; Insall and Machesky, 2009). When activated by
a nucleation promoting factor and bound to a pre-existing actin
filament, it initiates a growing actin branch. This yields a dynamic
actin mesh that can provide structural rigidity, generate force, or
sort proteins into vesicles. Nucleation promoting factors form
four subfamilies (Campellone and Welch, 2010). Wiskott-Aldrich
syndrome protein (WASp) and N-WASP are involved in clathrin-
mediated endocytosis and formation of podosomes. SCAR/
WAVE proteins are key organizers of actin at the leading edge
of moving cells, while WASH and WHAMM proteins are involved
in vesicle traffic. Curiously—in light of the historical view of actinDevelopmas a motility protein—three out of four nucleation promotion
factor subfamilies are largely involved in vesicle traffic, and this
function appears to be evolutionarily ancient (Veltman and Insall,
2010).
WASH
WASH generates F-actin coats on certain intracellular vesicles
(Bear, 2009). In human cells, it is important for retrograde sorting,
acting on at least two different classes of vesicle, early endo-
somes (Gomez and Billadeau, 2009) and recycling endosomes
(Derivery et al., 2009; Duleh and Welch, 2010), in connection
with the retromer complex (Derivery et al., 2009; Gomez and
Billadeau, 2009; Harbour et al., 2010). WASH also plays a later
role in maturation of Dictyostelium lysosomes to postlysosomes
prior to exocytosis (Carnell et al., 2011). The association of
WASH with the mammalian biogenesis of lysosome-related
organelles complex 1 (BLOC-1) complex also suggests a lyso-
somal role (Monfregola et al., 2010), and recent results using
mouse cells with full deletion of WASH (not the more usual
RNA interference [RNAi], which yields incomplete knockdown)
show complete disruption of the lysosomal system (Gomez
et al., 2012). Other recent work (Zech et al., 2011) shows that
WASH is recruited to a Rab7-positive, late endosomal/multive-
sicular body compartment and that WASH is required for correct
sorting of a5b1 integrin from this late compartment. WASH-
mediated actin polymerization is therefore involved in multiple
vesicle trafficking pathways, and its involvement in lysosomal
function is conserved.
Dictyostelium lysosome maturation depends upon recycling
of the V-ATPase (Neuhaus et al., 2002), a membrane-bound
complex that binds cytoplasmic F-actin (Holliday et al., 2000).
We have therefore hypothesized that WASH-catalyzed actin
polymerization directly sorts V-ATPase and other cargoes into
target vesicles (Carnell et al., 2011). This is consistent with other
reports that actin polymerization can be used to sort proteins
from the same compartment to different destinations (Puthen-
veedu et al., 2010). Other studies also suggest that WASH-
generated actin is used to generate force on budding mem-
branes (Gomez and Billadeau, 2009; Derivery et al., 2009).
WASH Complex Members
WASH, like other actin nucleation promoting factors (Jia et al.,
2010), acts as part of a complex, but there is little data aboutental Cell 24, 169–181, January 28, 2013 ª2013 Elsevier Inc. 169
Figure 1. Phenotypes of Dictyostelium WASH Complex Mutants
(A) Pull-down of the intact complex. Ccdc53 knockout cells were transfected with GFP (central lane) or GFP-ccdc53 (right lane), then lysed with detergent. The
WASH complex was isolated using GFP-trap beads; members are indicated by arrows. FAM21 levels are below what would be expected from a stoichiometric
complex, but the protein ID was confirmed by mass spectrometry.
(legend continued on next page)
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FAM21 Drives Recycling of the WASH Complexthe other subunits’ roles. Strumpellin, FAM21, SWIP, and
ccdc53 contain no recognizable functional domains (Veltman
and Insall, 2010). Strumpellinmutations can cause spastic para-
plegia (Valdmanis et al., 2007), but there are few molecular
details about the disease’s pathology (Clemen et al., 2010).
FAM21 contains an N-terminal globular domain and a C-terminal
tail with repeats of variable length (Veltman and Insall, 2010). The
intact WASH complex binds to retromer (Derivery et al., 2009;
Gomez and Billadeau, 2009; Harbour et al., 2010), apparently
through the FAM21 tail (Harbour et al., 2012; Jia et al., 2012).
There are conflicting reports about the presence of capping
protein (CP) within the complex. Some authors report finding it
in near-stoichiometric amounts (Derivery et al., 2009), coupled
via a conserved domain in the FAM21 C terminus (Hernandez-
Valladares et al., 2010). We (Carnell et al., 2011) and others
(Gomez and Billadeau, 2009) did not find significant CP under
the conditions we examined, suggesting that the interaction
between CP and the WASH complex varies with the precise
buffer conditions or the physiological state of the cells.
In this paper we show that FAM21 drives recycling of the
Dictyostelium WASH complex after V-ATPase recycling has
been completed and that this process is mediated by a capping
protein connecting the WASH complex to F-actin via its interac-
tion with FAM21.
RESULTS
The five subunits of the Dictyostelium WASH complex are
encoded by single genes (see Methods for gene identifications).
The predicted proteins are strikingly conserved (Veltman and
Insall, 2010). As seen in other organisms, Dictyostelium FAM21
contains an unusual C-terminal repeat, whose detailed sequence
is highly variable between different organisms (Figure S1 avail-
able online), suggesting a binding target of low complexity.
We isolated the DictyosteliumWASH complex by immunopre-
cipitation with green fluorescent protein (GFP)-tagged ccdc53
(Figure 1A; Carnell et al., 2011). CP was not found in significant
quantities, implying that it is not a core part of the WASH
complex, though the CP-binding domain in FAM21 is conserved
(Hernandez-Valladares et al., 2010). Dictyostelium WASH is
therefore found in the conserved, stereotypical five-member
core complex (Figure 1A; the FAM21 subunit was found at sub-
stoichiometric levels, showing that the WASH complex is able to
remain intact without FAM21, but there is no evidence for
a FAM21-free complex in living cells).(B) Doubling time of wild-type (AX2) and mutants in the presence and absence o
complex mutants is slowed (* = significantly different to AX2 in the presence of dex
to AX2 without dextran, n = 6; error bars show ± SD).
(C) Fluid-phase endocytosis. Cells were transferred to medium containing 1 mg
centrifugation, washed, and lysed as described (Rivero and Maniak, 2006). The in
recorded (n = 3; error bars show ± SD).
(D) Exocytosis. Cells were labeled overnight in HL5 medium containing 1 mg/ml
zero. At intervals thereafter, cells were harvested, washed, and lysed as described
bars show ± SD).
(E) Rescue by GFP constructs. GFP-tagged FAM21, Strumpellin, WASH, SWIP
exocytosis assay from (D) was repeated. Each mutant is at least partially rescue
(F) Localization of GFP markers. GFP-tagged SWIP, Strumpellin, FAM21, and
formaldehyde (Hagedorn et al., 2006) and stained with Texas red-phalloidin. All
See also Figure S1.
DevelopmThe Members of the Dictyostelium WASH Complex Act
Together at Several Steps
We tested the functions of the different WASH complex subunits
by making knockout mutants. The FAM21 and SWIP mutants,
like WASH mutants (Carnell et al., 2011), grow at near-normal
rates in liquid medium (Figure 1B). Unexpectedly, there is a clear
growth defect in strumpellin and ccdc53 mutants (Figure 1B).
Doubling times rise from 10 hr in wild-type and 11 hr in WASH
knockouts to 16 hr (ccdc53) and 17 hr (strumpellin). Thus
these two subunits must have roles that are separate from their
requirement in the WASH complex. Mutants in all complex
members were affected just like WASH mutants (Carnell et al.,
2011) by the presence of indigestible material. All grow far slower
when 10% dextran is added to the medium (Figure 1B), though
this does not affect the growth of wild-type cells.
Since WASH mutants are blocked in exocytosis, we then
examined whether mutants in the other four subunits were also
blocked (Carnell et al., 2011). When incubated with fluorescent
dextran, each mutant took up more dextran and accumulated
it for longer than normal cells (Figure 1C). Even more clearly,
cells that had been loaded with fluorescent dextran failed
to expel any, even 240 min after washing, when normal cells
have expelled essentially everything they contained (Figure 1D).
Thus all WASH complex mutants have a phenotype in which
exocytosis is totally blocked. We expressed GFP-tagged ver-
sions of each protein. They are found in the same compartments
asWASH—apopulation of small vesicles and a particular enrich-
ment in puncta around lysosomes (Figure 1F). In each case, the
GFP fusions reversed the block in exocytosis (Figures 1D and
1E), confirming that they are functional and correctly localized
and that we are not observing secondary phenotypes in the
mutants.
We analyzed the roles of each WASH complex member in
maintaining the localization of the others. Surprisingly, the punc-
tate pattern of lysosomal staining was maintained in most
mutants—only SWIP was required to maintain localization of
any other subunits (Figures 2A, 2B, and S2). In SWIP knockouts,
WASH and strumpellin were delocalized to the cytoplasm, but
even in these cells the ccdc53 and FAM21 subunits were lyso-
somal. Thus there must be multiple signals recruiting the intact
complex to vesicles.
Loss of FAM21 did not alter the localization of any other
complex member. This was unexpected for two reasons. In the
related SCAR complex, loss of any one member delocalizes all
others (Ibarra et al., 2006; Pollitt and Insall, 2008) as well asf dextran. Wild-type cells are not affected by dextran, but growth of all WASH
tran, n = 9, two-tailed homoscedastic t test, p = 0.01; ** = significantly different
/ml FITC-dextran at time zero. At intervals thereafter, cells were harvested by
crease in intracellular FITC fluorescence as the dextran was endocytosed was
FITC-dextran, then harvested, washed, and resuspended in fresh HL5 at time
(Rivero andManiak, 2006) to assess the rate of dextran exocytosis (n = 3; error
, and ccdc53 were transfected into their corresponding null cell line, and the
d by the GFP-tagged protein (n = 3; error bars show ± SD).
ccdc53 were all expressed in wild-type cells. Cells were fixed with picrate/
GFP constructs colocalize with actin-coated vesicles.
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Figure 2. Effects of Subunit Deletion on WASH Complex Location
(A) Codependence of subunits. GFP-tagged fusion proteins of individual
WASH-complex subunits were expressed in all mutants, and the localization of
the tagged subunit was observed as indicated. Localization remained punc-
tate and vesicular for all members expressed in all cell types, except for GFP-
WASH and GFP-Strumpellin in SWIP nulls, which were cytoplasmic with no
clear localization. Images are shown in Figure S2.
(B) WASH localization. GFP-WASH is targeted to lysosomes in all mutant cell
lines except for SWIP nulls. See Figure S2 for images.
(C) GFP fusions of the N- and C-terminal fragments of FAM21 are both ex-
pressed and localize to the membrane of lysosomes in FAM21 mutants. The
N-terminal fragment (i.e., DCT) forms punctate structures, as seen with the
wild-type WASH complex, while the C-terminal fragment (i.e., DNT) shows
continuous localization around the lysosome.
(D) Localization of FAM21 fragments. GFP fusions of the C-terminal fragment
localize equivalently in all mutants. The N-terminal fragment is only stable in
wild-type and FAM21 knockout cells. Images are shown in Figure S2.
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(Kunda et al., 2003). More confusingly, previous papers describe
FAM21 as the key to WASH localization (Gomez and Billadeau,
2009; Harbour et al., 2010), but our data show WASH’s location
unchanged without FAM21.
FAM21 has two clearly separate domains. The N terminus
alone fused to GFP was extremely unstable outside the com-
plex—in wild-type cells or FAM21 mutants, it localizes normally
(Figure 2C), but the protein was undetectable in any other lines
(Figure 2D). However, the irregular C-terminal repeat was inde-
pendently targeted to lysosomes and maintained its location in
cells that lacked the other subunits (Figure 2D). No other indi-
vidual subunit was required, nor an intact FAM21 N terminus.
The two fragments were found in contrasting patterns—the
FAM21 C terminus was localized continuously around the lyso-
somes, unlike the punctate localization of the intact complex
(Figures 2C and S2). FAM21 is therefore recruited to lysosomes
by two cues: one acting through SWIP and the rest of the
complex and the other through its own tail repeat. Both FAM21
halves are biologically essential—expression of either half alone
does not diminish the phenotype caused by loss of FAM21 (Fig-
ure 2E). We conclude that there are multiple different cues that
recruit the Dictyostelium WASH complex to lysosomes—at the
least, one that requires SWIP and one that acts via the FAM21
C-terminal repeat.
FAM21 and WASH Mutants Act at Different Steps of the
Exocytic Pathway
A detailed analysis of the block in exocytosis revealed an unex-
pected difference between mutants lacking FAM21 and other
subunits. SWIP, ccdc53, and strumpellin knockouts accumu-
lated fluorescent dextran exactly likeWASH mutants. However,
FAM21 knockout cells typically accumulated dextran in a single,
huge vesicle (Figure 3A). The difference was exceptionally clear
when quantitated—dextran was located in >10 mm2 vesicles in
essentially all FAM21mutants, but vesicles that large were never
seen in wild-type orWASHmutant cells (Figure 3B). These vesi-
cleswere formedby fusion ofmultiple dextran-containing postly-
sosomes—when cells were incubated with pulses of different-
colored dextrans, forming endosomes of different colors, the
resulting vesicles coalesced hours after endocytosis (Figure 3C),
often appearing as vesicles fully contained inside larger vesicles.
The phenotype was WASH-dependent—double knockouts of
WASH and FAM21 resembled WASH single knockouts, but
re-expression of GFP-tagged WASH in the double mutants (to
give a single FAM21 mutant genotype) was sufficient to induce
large vesicles, like those in simple FAM21 mutants (Figure 3D).
This demonstrates that WASH is present and active in the
absence of FAM21, though not properly regulated. This is incom-
patible with reports that WASH is destroyed without FAM21 (De-
rivery et al., 2009; Gomez and Billadeau, 2009). We confirmed
this by generating antibodies and performing western blots of
all mutants using anti-WASH and anti-FAM21. FAM21 mutants
contain WASH, albeit at a somewhat lower level (Figure 3E).(E) Lack of rescue by FAM21 fragments. The N- and C-terminal fragments of
FAM21 were expressed in FAM21 mutants and assayed for rescue of
exocytosis, as in Figure 1E. Neither construct alone detectably improved
exocytosis (n = 3; error bars show ± SD).
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Figure 3. The Exocytic Blockage Differs in
WASH and FAM21 Mutants
(A) Cells were allowed to take up 1 mg/ml TRITC-
dextran for 1 hr then chased overnight with
dextran-free medium and viewed by confocal
microscopy. Wild-type cells exocytosed all dex-
tran during the chase. WASH mutants retained
dextran in numerous small vesicles, while FAM21
mutants contained a single, large vesicle contain-
ing accumulated TRITC-dextran.
(B) Vesicle sizes. Cells were fed 10% dextran
labeled with 1 mg/ml TRITC-dextran overnight.
The cross-sectional area of the largest vesicle in
each cell was calculated by measuring the diam-
eter at the greatest breadth using a confocal
microscope. AX2 cells contain essentially no
vesicles of greater than 4 mm2. In WASH nulls,
the vesicles were on average slightly larger,
with around 35% of cells containing vesicles of
4–10 mm2. More than 70% of FAM21 mutant cells
contained dextran in vesicles over 10 mm2 (n = 100;
error bars show ± SD).
(C) Vesicle fusion in FAM21 mutants. FAM21 null
cells were fed medium containing 10 mg/ml rhoda-
mine green dextran for 1 hr, followed by 50 mg/ml
Texas red-dextran and 10% unlabelled dextran for
more than 3 hr, and examined with a confocal
microscope. Many of the enlarged vesicles seen in
FAM21 null cells are plainly multivesicular.
(D) Phenotype of double mutants. WASH/FAM21
double knockouts and double knockouts rescued
by GFP-WASH were incubated overnight in
medium containing 1 mg/ml TRITC-dextran.
WASH/FAM21 knockouts are indistinguishable
from WASH single knockouts, in particular by
the absence of grossly enlarged dextran-filled
lysosomes. However, expression of GFP-WASH
in these cells converts them to a FAM21-like
phenotype with the appearance of enlarged
postlysosomes.
(E) WASH and FAM21 protein levels. Equal cell
numbers of each WASH complex subunit mutant
were analyzed by western blot. Consistent loading
was confirmed by measuring total protein content
of the lysate. WASH levels are reduced in all
mutants to less than 13% that of wild-type, except
in FAM21 nulls, where WASH is only reduced to
66%. FAM21 levels are greatly reduced by loss of
SWIP, but less so in the other mutants (n = 3; error
bars show ± SD).
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FAM21 Drives Recycling of the WASH ComplexThe loss of WASH reported in Gomez and Billadeau (2009)
was based on a moderate drop in WASH levels following incom-
plete RNAi of FAM21; we have used a total gene disruption and
still only see a moderate drop in WASH, definitively demon-
strating that WASH can be maintained without FAM21. WASH
levels are diminished in strumpellin, SWIP, and ccdc53mutants,
whereas FAM21 levels drop in SWIP, but notWASH, strumpellin,
or ccdc53 mutants. This implies that the WASH complexDevelopmental Cell 24, 169–181consists of two functional parts, FAM21
and WASH/strumpellin/ccdc53, with
SWIP acting as a connector.
Overall, these data demonstrate that,
in FAM21 mutants, WASH is functional,correctly localized, and allows lysosomes to mature further
than they do in other complex mutants. These postlysosomes
can fuse to make giant vesicles.
FAM21 and WASH Mutants Arrest Either Side of the
Neutralization Step
In normal cells, the WASH complex causes neutralization of
mature lysosomes to form postlysosomes (Carnell et al., 2011)., January 28, 2013 ª2013 Elsevier Inc. 173
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Figure 4. V-ATPase and Lysosome Neutral-
ization
(A) Neutralization assay. Lysosome neutralization
and maturation were assessed by feeding cells a
mixture of 0.4 mg/ml FITC- and 4 mg/ml TRITC-
labeled dextran for 3 hr and examining them with
a confocal microscope. Acidic vesicles are red,
while neutral postlysomes appear bright yellow.
The large vesicles in FAM21 knockouts are neutral.
(B) Removal of V-ATPase. AX2, WASH, and
FAM21 knockouts were transfected with vatB-
GFP, fed a 10 min pulse of 100 mg/ml TRITC-
dextran, and then incubated in unlabelled medium
(1 hr for AX2, 3 hr formutants). The dextran-labeled
lysosomes in WASH mutants are all V-ATPase
positive. Enlarged, neutral compartments seen in
FAM21 nulls are void of V-ATPase but are covered
with GFP-WASH puncta (see C).
(C) WASH accumulation in FAM21 mutant post-
lysosomes. FAM21 knockout cells were trans-
fected with GFP-WASH, fed overnight with
medium containing 10% dextran, and imaged by
confocal microscopy.
(D) FAM21/WASH double mutants resemble
WASH singlemutants. Single anddoublemutants
were examined as in (A). WASH cells have no
neutral vesicles, while FAM21 cells contained a
large, neutral vesicle. Double mutants resembled
WASH single mutants; double mutants trans-
fected with GFP-WASH resembled FAM21 single
mutants (note that the GFP-WASH itself is not
visible at the exposures used in this assay).
(E) Mammalian recycling assay. A2780 ovarian
carcinoma cells were transfected with siWASH
or siFAM21C. Cells were coated with sulfo-NHS-
SS-Biotin to label endocytosed a5b1 integrin.
Capture-ELISA was then used to detect the
amount of a5b1 integrin recycled back to the cell
surface. Cells treated with siWASH are inefficient
at integrin recycling; however, siFAM21C did not
affect the cells, which were able to recycle the
integrin normally (n = 3; error bars show ± SEM).
The western blot shows the knockdown of WASH
and FAM21C achieved by the siRNA.
Developmental Cell
FAM21 Drives Recycling of the WASH ComplexSince WASH and FAM21 mutants seem to be blocked at
different steps of the same pathway, we examined the matura-
tion of individual lysosomes in more detail. Fluorescein isothio-
cyanate (FITC)-dextran is nonfluorescent at acid pH, while
tetramethyl rhodamine isothiocyanate (TRITC)-dextran is pH-
insensitive, so lysosome neutralization is shown by doubly
labeled vesicles turning from red to yellow (Jenne et al., 1998).
Strumpellin, ccdc53, and SWIP mutants behaved exactly as
WASH mutant cells—dextran was accumulated in numerous
dense, acidic lysosomes, which never neutralize. However, in
FAM21 mutants, the large vesicles were neutral or near-neutral
(Figure 4A). This suggested that V-ATPase had recycled as these
lysosomes matured. We tested this by transfecting FAM21
mutants with vatB-GFP; as predicted, V-ATPase was lost from
the large dextran-filled lysosomes (Figure 4B) while WASH
puncta accumulated (Figure 4C), confirming that the WASH174 Developmental Cell 24, 169–181, January 28, 2013 ª2013 Elsevicomplex is able to recycle V-ATPase without FAM21. WASH/
FAM21 double mutants resembled single WASH knockouts
with small acidic lysosomes (Figure 4D). However, when these
cells were transfected with GFP-WASH, the vesicles neutralized,
confirming that the results are not due to secondary effects, and
WASH can drive neutralization without FAM21.
To test if FAM21 and WASH mutations also caused dif-
ferent phenotypes in human cells, we examined recycling of
a5b1 integrin in A2780 ovarian carcinoma cells. As described
elsewhere (Zech et al., 2011), RNAi ofWASH caused a substan-
tial delay in integrin recycling. However, when we performed
RNAi on FAM21, there was no discernible loss of integrin recy-
cling (Figure 4E), despite a comparable loss of WASH and
FAM21 proteins. Thus in human cells, as in Dictyostelium, loss
of FAM21 does not prevent recycling of targets that require
WASH.er Inc.
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Figure 5. Actin Dynamics in WASH Complex Mutants
(A) Colocalization of actin and WASH complex in mutants. GFP-FAM21 is correctly expressed and localized in all subunit mutants (unlike GFP-WASH) and was
therefore used as a marker. Cells were fixed with picrate/formaldehyde and examined using a confocal microscope. F-actin coats are formed in AX2 and co-
localize with theWASH complex. Approximately 50 cells were observed for strumpellin,SWIP, and ccdc53mutants, and no lysosomal actin coats were observed
in any cells.
(B) Colocalization of actin and WASH in FAM21mutants. Due to the presence of the enlarged vesicles in FAM21 null cells, the cells could not be fixed effectively,
therefore cells were doubly transfected with GFP-WASH and RFP-actin for live imaging by confocal microscopy. Despite loss of FAM21, a bright actin coat is
formed to the cytoplasmic side of the WASH complex.
(C) Actin dynamics in FAM21mutants. A dynamic ‘‘fountain’’ of actin streams off the enlarged postlysosomal vesicles in FAM21 null cells. Such streams are never
seen in wild-type cells. See also Movie S1.
(D) Dynamics of WASH and actin. Both WASH and actin frequently exist as a single patch that moves or rotates around the surface of the postlysosome
membrane.
(E) WASH is active in the absence of FAM21. Expression of GFP-WASH in WASH/FAM21 double mutants shows that GFP-WASH is able to induce actin
structures in the absence of FAM21; however, expression of GFP-FAM21 in the WASH/FAM21 double mutants does not restore lysosomal actin coats.
See Figure S3 for the effects of latrunculin on WASH recycling.
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FAM21 Drives Recycling of the WASH ComplexActin Polymerization in the Absence of FAM21
WASH neutralizes lysosomes by generating a coat of F-actin that
directly binds to V-ATPase and drives V-ATPase recycling (Car-
nell et al., 2011). Our earlier data therefore suggest, surprisingly,
that FAM21 mutants can still polymerize actin on lysosomes,
despite the incomplete WASH complex. As expected, afterDevelopmstaining with phalloidin, neither SWIP, strumpellin, nor ccdc53
knockouts ever showed F-actin on the arrested lysosomes (Fig-
ure 5A). In FAM21 knockouts, the opposite was true. The large
postlysosomes always colocalized with F-actin, although the
actin was often restricted to large patches that also contained
WASH (Figure 5B). To our considerable surprise, these patchesental Cell 24, 169–181, January 28, 2013 ª2013 Elsevier Inc. 175
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ure 5C). We frequently observed large actin ‘‘fountains’’ (Fig-
ure 5C; Movie S1), resembling scaled-up versions of the comet
tails induced by PIP2-containing vesicles (Rozelle et al., 2000)
or intracellular pathogens, like Listeria (Tilney and Portnoy,
1989). Although the patches were large, they were very dynamic
(Figures 5C and 5D)—less than 10 s elapsed between generation
of F-actin at the lysosome membrane and its dissipation at the
end of the tail (Figure 5D; Movie S1). We have not seen any
such actin comets in wild-type cells, despite exhaustive obser-
vation, confirming that they represent an excessive WASH acti-
vation. Thus FAM21 has a separate role from the rest of the
WASH complex, limiting and inactivating actin polymerization.
Again, in double WASH/FAM21 mutants, rescue with GFP-
WASH caused actin coats to form, but GFP-FAM21 did not (Fig-
ure 5E). This confirms that WASH can drive actin polymerization
without FAM21, but FAM21 without WASH is inactive, despite
apparently normal localization. Unresolved actin coats are not
the cause of the block in exocytosis; treating dextran-loaded
FAM21 knockouts with latrunculin did not allow any measurable
exocytosis (Figure S2).
WASH Accumulates on Postlysosomes of FAM21
Mutants
In FAM21 mutants, WASH appears to be recruited and acti-
vated using normal mechanisms, but the activation is not
reversed. Considering this, the dynamics of vesicle neutraliza-
tion in FAM21 mutants were initially surprising—wild-type cells
start to neutralize vesicles approximately 60 min after endocy-
tosis (Figure 6A), but in FAM21 mutants the first sign of vesicle
neutralization is a very diluted cargo in the large postlysosome
at 150 min after uptake. No neutralized contents were visible in
any cell before 150 min, and the process did not reach comple-
tion for more than 240min and sometimesmany hours longer. By
comparison, the endosomal cycle in wild-type cells is complete
within about 120 min (Hacker et al., 1997).
This slow neutralization was unexpected, considering the
excessive WASH activity in these mutants. We therefore exam-
ined the WASH localization in FAM21 mutant cells. In wild-type
cells, the proportion of the WASH found on lysosomes is vari-
able, depending on the stage of the exocytosis cycle in each
cell, but ranges from approximately 10% to 50% of the total
WASH (estimated by counting the proportion of total pixel inten-
sity localized to the edges of large vesicles; see Figure 6B). The
large vesicles in FAM21 mutants, by comparison, contained
>70% of the WASH and, in some cases, up to 90%. Therefore,
FAM21-free WASH complex is nearly all sequestered on each
cell’s postlysosome, meaning that very little is available to drive
the neutralization andmaturation of acidic lysosomes, explaining
the slow transit of endosomal vesicles.
There are two possible explanations for this blockage. The first
is that the WASH complex normally returns from the postlysoso-
mal membrane to the cytosol after V-ATPase is fully recycled,
and FAM21 is required for it to unbind. This is the type of mech-
anism implied by earlier publications (Derivery et al., 2009; Go-
mez and Billadeau, 2009; Harbour et al., 2010). However, our
data make this mechanism unlikely. We consistently find the
WASH complex is vesicle-bound, even in mutants; both halves
of FAM21 associate separately with vesicular membranes, and176 Developmental Cell 24, 169–181, January 28, 2013 ª2013 Elsevithe C terminus does not require any component of the WASH
complex to localize (Figure 2). The other possibility is that the
WASH complex is removed through a vesicular step, similar to
the small vesicles that recycle V-ATPase (Clarke et al., 2010),
but at a separate, later step in the pathway. To distinguish these
possibilities, we examined a number of confocal movies showing
large postlysosomes in wild-type cells losing their WASH com-
plex (Movie S2). This process usually occurs rapidly (Carnell
et al., 2011) and causes the redistribution of a large proportion
of the total WASH complex (Movie S2). The movies clearly
show multiple small, WASH-containing puncta appearing in the
cell after loss ofWASH from the large postlysosomes (Figure 6C).
In no case did we see an increase in cytosolic WASH, either as
the postlysosomes uncoated or immediately after. Quantitative
analysis of cytosolic fluorescence (Figure 6D) confirmed this.
Thus WASH is normally recycled through a vesicular step after
postlysosomes are matured.
Recent results (Derivery et al., 2012) support this model; Deriv-
ery et al. used fluorescence recovery after photobleaching
(FRAP) to show that depolymerization of actin using latrunculin
caused the WASH complex to accumulate on endosomes. We
extended this work by examining the dynamics of WASH in
the absence of FAM21. In wild-type Dictyostelium (Figure 6E),
WASH fluorescence on WASH-coated lysosomes partially re-
covered after bleaching, indicating that new WASH was being
added. FAM21 knockouts, on the other hand, showed much
less recovery, confirming that the flux of the WASH complex
was greatly diminished. We observed the same result (over a
slightly longer time scale) in human cancer cells (Figure 6F)—
RNAi of FAM21 caused a severe drop in GFP-WASH fluores-
cence recovery after bleaching, indicating that FAM21’s role in
WASH recycling was conserved in both cell types.
Key Role for Capping Protein in WASH Complex
Recycling
The repeated sequence in the C terminus of FAM21 is interrup-
ted by a short, conserved sequence that is thought to recruit
CP, which binds tightly to the barbed end of actin filaments
and prevents them from elongating. In Dictyostelium, as in other
cells, FAM21 coprecipitates with CP, but this ability is lost
when the CP-binding sequence is specifically deleted (to give
FAM21DCPI; Figure 7A). The interaction with CP is important
for FAM21 function—expression of FAM21DCPI in FAM21
knockout cells yielded almost no recovery of exocytosis (Fig-
ure 7B) and only partially rescued the excessive vesicle size,
unlike wild-type FAM21 (Figure 7C). We therefore examined
the possibility that the huge actin fountains in FAM21 knockouts
were caused because actin filaments were initiated by WASH
but not capped via FAM21 and CP. It was immediately clear
that lack of capping protein was not the basic issue—the actin
fountains in FAM21 knockouts were strongly decorated with
CP, far more brightly than was visible in wild-type cells and in
proportion to the increased amount of F-actin in the fountains
(Figure 7D).
Our data show that the interaction between capping protein
and FAM21 is important for WASH function but not for recruit-
ment of CP to vesicle-bound actin. We therefore tested an oppo-
site hypothesis, that capping protein serves to connect the
WASH complex to the growing actin meshwork it nucleates.er Inc.
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Figure 6. FAM21 and WASH Complex
Recycling
(A) Dynamics of neutralization in parent (AX2)
and FAM21 cells. Cells were fed with FITC- and
TRITC-dextran and then examined by confocal
microscopy at varying times. The first neutral
(yellow) vesicles appeared at about 60 min for
wild-type cells and about 150 min for FAM21
mutants.
(B) WASH complex sequestration in FAM21 cells.
Parental (AX2) and FAM21 cells were transfected
with GFP-WASH and examined by confocal
microscopy. The proportion of GFP-WASH found
on lysosomal vesicles in AX2 cells cycled from
about 10% to about 50%; three representative
examples are shown. In contrast, approximately
70% (sometimes as much as 90%) of GFP-WASH
was consistently found on the enlarged post-
lysosome of FAM21 cells.
(C) The WASH complex does not recycle through
a cytosolic phase. AX2 cells transfected with
GFP-WASH were fed with agarose beads and
examined by confocal microscopy. When the
GFP-WASH was recycled from one postlysosome
(asterisk), there was no sign of an increase in
diffuse cytosolic GFP-WASH level, but an increase
in the number of small puncta was visible until
another lysosome became WASH-associated.
See Movie S2.
(D) Quantitation of vesicle-associated versus
cytosolic WASH during lysosome uncoating. The
images from (C) were divided into vesicular and
cytosolic areas using ImageJ to detect areas of
local change. The regions of interest are shown in
Movie S3. Cytosolic WASH levels were calculated
from mean pixel intensities. Although the large
vesicle fully uncoats between 845 s and 910 s,
there is no increase in cytosolic GFP-WASH levels,
as would be seen for molecules that jump between
membrane and cytosol.
(E) FRAP of Dictyostelium WASH. AX2 and
FAM21 null cells were transfected with GFP-
WASH. Whole vesicles coated in GFP-WASH
were bleached, and recovery of fluorescence was
recorded over 10 s (vesicles are too dynamic in
D. discoideum to measure longer time periods).
AX2 cells recovered 30% of fluorescence,
whereas FAM21 nulls recovered 10% (n = 28;
error bars show ± SEM).
(F) FRAP of mammalian WASH. A2780 control cells or cells treated with siRNA for FAM21 were transfected with GFP-WASH, and entire vesicles were bleached.
Recovery of fluorescence was observed over 60 s. Ten vesicles per experiment were observed in three independent experiments (error bars show ± SEM).
FAM21 knockdown vesicles recovered about 7% of their fluorescence, whereas control vesicles recovered about 25%.
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FAM21 Drives Recycling of the WASH ComplexThis interaction could recycle the WASH complex from neutral
vesicles and thus terminate the actin nucleation. Colocalization
in intact cells supports this hypothesis. In FAM21 knockouts,
the CP and the WASH only partially colocalized—WASH was
strictly localized by the vesicular membranes, but CP was found
throughout the comet tail (Figure 7E). In wild-type cells, they
overlap near-perfectly. If each WASH complex must connect
to F-actin through CP in order to be recycled, FAM21DCPI would
be predicted to be unrecyclable, even if the rest of the WASH
complex was present. We therefore expressed FAM21DCPI in
wild-type cells. This caused, as predicted, a partial dominant
effect (Figure 7F)—the complex containing mutated FAM21
was unable to recycle and accumulated in excessively largeDevelopmneutral vesicles, even in the presence of wild-type protein,
though exocytosis in general was not blocked.
We therefore propose the following mechanism for FAM21’s
role in WASH complex physiology (Figure 8). WASH is recruited
to a lysosome, where it starts to nucleate dynamic F-actin that
sorts cargoes, such as the V-ATPase, for removal. When the
vesicle matures, FAM21 binds to the capping protein decorating
the F-actin, which in turn sorts the intact WASH complex into
a separate class of vesicles for recycling.
DISCUSSION
Our study leads to two main conclusions.ental Cell 24, 169–181, January 28, 2013 ª2013 Elsevier Inc. 177
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Figure 7. Role of Capping Protein in the WASH Complex
(A) A FAM21 capping protein interaction (CPI) mutant does not bind CP. A FAM21 mutant lacking the CPI domain was tagged with GFP and transfected into
Dictyostelium cells. GFP-FAM21DCPI was purified using GFP-trap beads, a western blot was performed, and detection of the Cap32 subunit was done using an
anti-CapZ antibody. Unlike full-length GFP-FAM21, the mutant is no longer able to bind CP.
(B) FAM21DCPI cannot rescue the FAM21 null exocytosis defect. GFP-FAM21DCPI, GFP-FAM21 (full-length), or GFP alone were transfected into FAM21 null
cells, and the exocytosis assay was repeated, as described previously. In contrast to full-length FAM21, the capping protein-binding mutant is unable to rescue
the exocytosis defect (n = 3; error bars show ± SD).
(C) FAM21DCPI does not rescue the enlarged vesicle phenotype of FAM21 nulls. As in (B), GFP-FAM21DCPI was unable to rescue the enlarged vesicle phenotype
of FAM21 null cells (n = 100; midline shows mean, blocks the middle two quartiles, and bars the range).
(D) CP localizes to actin in FAM21 nulls. GFP-Cap32 was transfected into FAM21 null Dictyostelium cells. Cells were incubated with 0.2 mg/ml Cascade Blue
dextran to label the endocytic compartment. The capping protein is present throughout the actin streams coming off the enlarged vesicles.
(legend continued on next page)
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Figure 8. Schematic Model of WASH
Complex Recruitment and Recycling
Newly formed endosomes are acidified by fusion
with small vesicles containing V-ATPase, eventu-
ally forming acidic lysosomes. When the lyso-
somes are mature, WASH complex is recruited.
Dynamic F-actin puncta generated by WASH bind
to V-ATPase. Retrograde flow of the F-actin sorts
the V-ATPase back into small vesicles ready for
fusion with new endosomes. Once the lysosome
has lost all its V-ATPase, it becomes a neutral
postlysosome. The FAM21 subunit, via capping
protein, couples the WASH complex itself to
retrograde actin flow. This sorts WASH complex
for recycling.
In the absence of WASH, no F-actin is made, so V-ATPase is not recycled and the lysosome remains acidic. In the absence of FAM21, WASH still makes F-actin,
so the V-ATPase is removed and lysosomes are neutralized, but the WASH complex is never removed from the vesicle and the actin polymerization is not
turned off.
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FAM21 Drives Recycling of the WASH ComplexThe first is that the WASH complex performs many of its phys-
iological functions without FAM21. It can localize to lysosomes,
polymerize actin at the vesicle surface, and this actin effectively
removes V-ATPase and causes lysosomes to neutralize. In most
respects, the resulting vesicle is a postlysosome, but unlike
those in normal cells, it cannot be exocytosed. Thus the roles
of FAM21, at least for the Dictyostelium lysosome, are not in
initial targeting of the complex, nor activation of actin polymeri-
zation. We hypothesize that FAM21’s main role is in driving the
WASH complex off vesicles after WASH and actin have done
their jobs and the vesicle is neutral. This is summarized in amodel
(Figure 8), in which coupling between FAM21 and F-actin via
capping protein removes the WASH complex from the postlyso-
some membrane, allowing the uncoated postlysosome to be
exocytosed and the intact WASH complex to be recycled to
another acidic lysosome.
This leads to our second conclusion, which is that the WASH
complex operates in a cycle (Figure 8). In one step, WASH
causes actin polymerization, which drives recycling of V-ATPase
into small vesicles; these are presumably the same vesicles that
transport V-ATPase to new endosomes (Clarke et al., 2010).
Once the V-ATPase has been recycled, the lysosome becomes
a neutral postlyosome. At this point, a second step dependent
upon FAM21 and capping protein recycles the WASH complex
so it can be reinserted into younger lysosomes. Thus WASH
activity is controlled by negative feedback. In FAM21 mutants,
the actin and V-ATPase removal steps proceed normally, but
the complex lacks its connection with capping protein, so it
cannot be coupled to the F-actin and recycled. In these cells,
the cycle is therefore blocked with neutral, WASH-coated, and
actin-decorated postlysosomes. All other WASH complex
mutants cannot make actin, so they block earlier, with no actin
produced and thus no V-ATPase removal or neutralization.
Dictyostelium and mammalian cells are separated by a large
evolutionary distance, and although the WASH complex is well(E) WASH and CP colocalize in wild-type but not FAM21 null cells. GFP-WASH a
AX2 cells (upper two panels), WASH and CP colocalized on the vesicle membran
WASH was localized to the vesicle membranes, whereas CP was mainly seen in
(F) Dominant effects of FAM21DCPI. GFP-FAM21DCPI was transfected into wild-
1 mg/ml TRITC-dextran. The expression of GFP-FAM21DCPI induced formation o
blocks the middle two quartiles, and bars the range). Expression of GFP-FAM21
Developmconserved, there are differences. The FAM21 tail, for example,
diverges in sequence, though the topology remains similar (Fig-
ure S1). In mammals, initial papers saw a very different pheno-
type from Dictyostelium and concluded that the WASH complex
and the F-actin it generates catalyze a single step in a pathway,
for example, budding of retrograde vesicles from the sorting
endosome (Derivery et al., 2009; Gomez and Billadeau, 2009;
Harbour et al., 2010). We find it surprising that such a large multi-
valent complex should be needed for such a simple process, and
indeed, more recent results using complete knockouts rather
than RNAi suggest a wider range of endosomal targets for the
WASH complex (Gomez et al., 2012). We suggest that the
complex members drive different processes at different points
in the cycle;WASH and FAM21 mutants have dissimilar pheno-
types because the cycle arrests at different points (Figure 8). The
WASH complex is extremely ancient (Veltman and Insall, 2010;
Derivery and Gautreau, 2010) and the members of the complex
are well conserved. Thus we were not surprised to find our
observations to hold true in other organisms. The differences
between WASH and FAM21 mutants are clear in Dictyostelium
because of the exceptionally clear and simple phenotype, which
is connected with expulsion of indigestible material; it is not clear
how a similar difference could be detected in the relatively
complex phenotype seen in mammalian knockdowns.
FAM21’s C-terminal repeats are clearly essential for its func-
tion, but we have shown it does not require the rest of the
complex to localize. Its targets and binding partners are currently
a mystery; their identification offers a window into the steps after
WASH-driven actin polymerization is completed.EXPERIMENTAL PROCEDURES
Genes and Gene Disruption
The sequences of the predicted genes and proteinswere obtained from the fol-
lowing Dictybase (http://www.dictybase.org) entries: FAM21 DDB_G0276221,nd RFP-Cap32 were cotransfected into wild-type AX2 and FAM21 null cells. In
es. In FAM21 null cells (bottom panels), the proteins had distinct localization:
the streams of actin coming off the vesicle.
type AX2 cells, which were fed medium containing 10% unlabelled dextran and
f enlarged vesicles, as seen in FAM21 null cells (n = 100; midline shows mean,
full length had no detrimental effect on AX2 cells.
ental Cell 24, 169–181, January 28, 2013 ª2013 Elsevier Inc. 179
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FAM21 Drives Recycling of the WASH ComplexSWIP DDB_G0283355, strumpellin DDB_G0288569, WASH DDB_G0292878,
and ccdc53 DDB_G0267948. D. discoideum AX2 strumpellin, ccdc53, and
FAM21 null cell lines were generated by targeted gene disruption using homol-
ogous recombination. The genes were digested with MslI, and a blasticidin
resistance cassette (BsR) from pLPBLP (Faix et al., 2004) was ligated in. The
knockout construct was then amplified by PCR, including approximately 1
kb of flanking sequence either side of the cassette, and the PCR product
was purified by ethanol precipitation before being electroporated into
cells. Colonies were screened by PCR for presence of the BsR cassette in
the endogenous gene using primers lying outside the amplified construct
region.
D. discoideum Ax4 FAM21 and SWIP null cell lines (Torija et al., 2006) were
obtained from the Dictyostelium stock center.
Fluorescently Tagged Proteins
Genes for WASH, strumpellin, SWIP, and FAM21 were amplified by PCR from
complementary DNA purified from wild-type AX2. The Dictyostelium FAM21
protein is 1,480 amino acids in length; the N-terminal fragment of FAM21 we
have used consists of the residues 1–255 (FAM21DCT), which encompasses
the conserved helical region only, and the C-terminal fragment of FAM21
consists of residues 245–1,480 (FAM21DNT), which is composed of the
repeat-containing, unstructured tail. The genes and fragments were cloned
into extrachromosomal GFP fusion vector pDM448 (Veltman et al., 2009),
and transfected cells were selected using hygromycin. Genes for actin and
vatB were cloned into mRFPmars shuttle vector pDM616 (Veltman et al.,
2009) and then excised and ligated into GFP-WASH or GFP-FAM21 to
generate coexpression constructs.
Immunoprecipitation
Cells expressing GFP-ccdc53 were lysed using detergent-containing buffer.
GFP-ccdc53 was purified from the cell lysate by overnight incubation at
4C with GFP-trap beads (Chromotek), as per protocol. Samples were boiled
with SDS sample buffer and blotted as described below.
Generation Time
To measure generation time, cells were grown in shaking culture in HL5
medium (Formedium Ltd.) with or without 10% dextran (w/v, mw = 60–90 k)
at a starting density of 105 cells/ml. Aliquots were then taken at time points
of 18, 24, and 42 hr to count cell numbers using a CASY cell counter (Roche
Innovatis).
Cell Culture and Imaging
Cells were grown in HL5medium either in Petri dishes or shaken in flasks. Cells
used for live imaging were incubated in Lo-Flo medium (Formedium Ltd.) con-
taining 5% dextran at least 2 hr prior to imaging. Images of GFP and mono-
meric red fluorescent protein (mRFP) constructs were taken using a Nikon
A1R confocal microscope (GFP: excitation 488 nm, emission 500–550 nm,
red fluorescent protein [RFP]: excitation 561.4 nm, emission 570–620 nm) at
room temperature with a 603 1.4 NA objective.
Cell fixation, endocytosis/exocytosis assays, and postlysosome visualiza-
tion were all performed as by Carnell et al. (2011). The subcellular localization
of GFP-WASH was calculated by counting all pixels with intensity above
a threshold higher than the cytosolic background and comparing the pixel
count localized around large circular vesicles with the total pixel count in
the cell.
Image Analysis
To measure the mean fluorescence intensity of cytosolic GFP-WASH over
time, a double threshold approach was used. The first (low) threshold identifies
pixels belonging to the cell from those of the background. A second (high)
threshold was used to separate bright structures within the cell from cytosolic
fluorescence. Only pixels with values within the lower and upper thresholds
were used to calculate the mean cytosolic intensity. Where several cells
were present in the field of view, an exclusion mask was manually made for
each frame to select the cell of interest. Color-coded images were generated
to visually verify that only punctate structures were excluded and not cytosolic
pixels, which may have occurred if the cytosolic intensity was to have risen. All
operations were performed using ImageJ (http://rsbweb.nih.gov/ij/).180 Developmental Cell 24, 169–181, January 28, 2013 ª2013 ElseviEnlarged Vesicle Visualization
Cells were incubated in Lo-Flo + dextran and fluorescently labeled dextran, as
indicated. Cells werewashed twicewith PBS before being incubated overnight
in Lo Flo + 5% dextran. Cells were imaged using a Nikon A1 confocal micro-
scope. Vesicle size was calculated by measuring the diameter of the largest
vesicle in each cell and then calculating its cross-section (100 cells were exam-
ined per cell line).
Western Blots
Cell lysates were run on a 4%–12% Bis-Tris Novex precast gel, transferred
onto polyvinylidene fluoride, and anti-WASH or anti-CapZ antibodies were
used for detection of endogenous proteins. For FAM21, lysates were run on
a 3%–8%Tris-Acetate Novex precast gel and an anti-FAM21 peptide antibody
was used. Measurement of total protein content for each sample was used to
ensure equal loading. For detection of capping protein, Cap32 levels were
measured in cell lysates to confirm total levels of capping protein were equal.
The anti-Dictyostelium FAM21 rabbit antiserum was generated against
the peptide NSELNNEQNEQTDK by Biogenes GmbH (Berlin, Germany). The
anti-CapZ antibody was acquired from Abgent (AP2888a).
FRAP
Dictyostelium cells transfected with GFP-WASH were imaged with an inverted
confocal microscope (Fluoview FV1000, Olympus) equippedwith a uPlanSApo
603/1.35 oil objective. The images were collected with a photomultiplier tube
in place, using the acquisition software FV10-ASW1.7. FRAP analysis of cells
was performed using pixel resolution 520 3 520 and 5% power of a 488 nm
laser. Effective photo-bleaching of GFP was achieved with a 405 nm laser,
10 ms/pixel dwell time for one frame in the region of interest. Images were
captured every second.
FRAP was performed with A2780 cells transfected with enhanced GFP
(EGFP)-WASH and mRFP-Rab7, as described above, in an atmosphere of
5% CO2 at 37
C. FRAP analysis of cells was performed using pixel resolution
6403 640 and 3%power of a 488 nm laser. Effective photo-bleaching of EGFP
was achieved with a 405 nm laser, 10 ms/pixel dwell time for one frame in the
region of interest. Images were captured every 3 s.
Integrin Recycling Assay
Recycling of a5b1 integrin was measured in A2780 ovarian carcinoma cells
treated with small interfering RNA (siRNA) against WASH or FAM21C, as per
Roberts et al. (2001). Capture-ELISA detection was done using antibodies
from BD Biosciences.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and three movies and can be
foundwith this article online at http://dx.doi.org/10.1016/j.devcel.2012.12.014.
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